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Polymer chain relaxation plays an important role in polymer physics. Although the 
relaxation of polymer chain in solution and bulk media have been extensively studied, 
relaxation behaviors of polymer chain under a confined condition still remain open 
questions. 
Tapping Mode Atomic Force Microscopy (T-AFM) is a very convenient means 
which can readily measure roughness values of scanned samples. Therefore it is 
expected that T-AFM could be a handy means used to answer the questions in the 
study of relaxation behaviors of confined polymer chains. It is well-known that 
roughness values essentially reflect the morphological changes and these changes 
further reflect internal variations of the scanned samples such as relaxation of 
polymer chains, so roughness values were used as an indirect means to study the 
relaxation of polymer chains. Confinement to polymer chains can be fulfilled by 
surfactant free emulsion polymerization and/or novel phase inversion preparation 
method, in which the size of particles substantially provides confining spaces to 
polymer chains. In this study, therefore, a combination of T-AFM and specially 
prepared Polystyrene nanoparticles was used to give a systematic study on the effect 
of confining space, molar mass of polymer chains and ionic groups on polymer 
chains to the relaxation of confined polymer chains. Attention was also paid to the 
effect of temperature on the relaxation of polymer chain, particularly around the 
glass transition temperature (Tg). 
Two series of Neutral Polystyrene Nanoparticles (NPSN) were prepared by 
surfactant free emulsion polymerization. One of the series was with different particle 
size but with similar molar mass of polystyrene chains confined in NPSN while the 
other series was with similar particle size but with different molar mass of confined 
polystyrene chains. These two series of samples were mainly used to study the effect 
of confining space and molar mass of polymer chains. Additionally, Carboxylated 
Polystyrene Nanoparticles (CPSN) were prepared by novel phase inversion method. 
Such sample was mainly used to study the effect of ionic groups to the relaxation of 
polymer chains. 
« • • 
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In the preliminary study, a so-called "window effect" was observed and this was 
caused by the interaction between the A F M tip and the polymer sample. However, 
when the T-AFM was tuned carefully, such effect was eliminated. 
In the fundamental study, it was unexpectedly found that when the NPSN of different 
size but with polymer chains of similar molar mass were annealed at Tg temperature 
had similar changes in the decrease of roughness. In this series, smaller particles 
have higher mass density/chain density. It was found that higher the density (either 
mass or chain density) is, slower are the polymer chains going to relax. It seems that 
density effect is dominating over other relaxation promoting factors like capillary 
force, surface polymer chain density, conformational distortion and etc. For the other 
series, namely the NPSN with similar particle size but with polymer chains of similar 
molar mass, it was found that particles comprised of polystyrene chains with higher 
molar mass had a slower decrease rate in roughness, this signifies that polymer 
chains with higher molar mass are relaxing slower than the ones with lower molar 
mass. The reason of this is longer polymer chains form more entanglements between 
each other in the similar confining spaces. The entanglements form a burden to the 
relaxation of polymer chains, and hence particles with polymer chains of higher 
molar mass take longer time to reflect changes in the roughness. 
It was additionally found from the NPSN study that when two NPSN samples of 
different particle size but with similar molar mass of polymer chains (i.e. about 9 x 
104 g/mol) were annealed below their Tg temperature, even though the roughness 
values were remained constant, it did not mean that there were no changes. It was 
found that smaller particles were undergoing particle fusion while the lager particles 
were undergoing some observable minor changes. 
From the study of CPSN, it was unexpectedly found that the charged polystyrene 
chains inside relaxed much faster than that in NPSN at Tg temperature, this is because 
Na+ neutralized carboxyl groups on the surface of CPSN causes segregation effect 
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CHAPTER 1 
r r t t r o d u e t i o n 
The physicochemical characteristics of polymer diffusion have been extensively 
investigated as a result of their importance for academic and industrial applications. 
Diffusion impacts a wide range of applications such as adhesion and welding 
between polymeric materials, crack healing and polymer blending, and film 
formation in latexes \ 
Polymer chain diffusion under a confined condition is generally expected to exhibit 
properties that are quite different from polymer chains in bulk melts and solution 
state 2-3. These differences however are important for both scientific research and 
applications. Generally speaking, when polymers are confined in a space, the motion 
of polymer coils and their random configuration are limited. It has been found that 
the confined geometry (e.g. size) affects the glass transition temperature and the 
alpha-process of polymers The longer polymer chain (e.g. higher molar mass of 
polymer) adds another source of dynamic complexity to the global chain relaxation. 
On the other hand, when constraints due to entanglements with neighboring polymer 
chains are absent, bulk polymer diffusion generally follows Rouse dynamics which 
dominates in the bulk-polymer diffusion \ The relaxation of polymer chain in 
confined condition thereby is influenced by several main parameters, namely the 
space or size of the confinement, the length of polymer chain and the neighboring 
polymer molecules exist in the confinement. 
There are various experimental techniques available to study the confined polymer 
liquids, such as dielectric relaxation spectroscopy (DRS) ？-〜microscopic force 
measurements optical techniques ” and nuclear magnetic resonance It is worth 
to mention that these techniques are used to study the global chain dynamics (the 
global chain means the entire single molecule) instead of latex particle. In recent 
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years, Atomic Force Microscopy (AFM) has been used extensively to study latex 
particle and its films Tapping Mode Atomic Force Microscopy (T-AFM) is one 
of the easiest and best modes in studying polymeric materials ^ ^ which is a very 
convenient means that can readily measure roughness values of scanned samples. It 
is expected that the confined polymer chains inside the latex particle have distorted 
conformation and polymer chains would like to relax and return to their equilibrium 
state, in which polymer chains undergo reptation and interdiffusion Therefore, 
the relaxation of polymer chains would cause roughness changes to the polymer film 
surface. In other words, roughness values essentially reflect the morphological 
changes and these changes further reflect internal variations of the scanned samples 
such as relaxation of polymer chains, so roughness values could be used as an 
indirect means to study the relaxation of polymer chains. Therefore, T-AFM is used 
at a first time as a very handy means in addition to the aforementioned techniques in 
the technical field to answer the questions in the study of relaxation behaviors of 
confined polymer chains, though there have been reports regarding the limitations of 
A F M , including the effects of finite tip size as well as possible interference effects 
23 due to interaction between the probe tip and surface. It is thereby expected that 
A F M have to be tuned carefully in order to avoid any artifacts. 
In this study, confinement to polymer chains can be fulfilled either by surfactant free 
emulsion polymerization and/or novel phase inversion preparation method, in which 
the size of particles substantially provides confining spaces to polymer chains. 
Therefore, a combination of T-AFM and specially prepared Polystyrene 
nanoparticles can be used to provide a systematic study on the effect of confining 
space, molar mass of polymer chains and ionic groups on polymer chains to the 
relaxation of confined polymer chains. Attention is also paid to the effect of 
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temperature on the relaxation of polymer chain, particularly around the glass 
transition temperature (Tg). 
In this study, polymer relaxation in two kinds of particles will be studied, namely the 
polymer chain confines in Neutral Polystyrene Nanoparticle (NPSN) or in 
Carboxylated Polystyrene Nanoparticle (CPSN). The NPSN has its name because its 
polymer chains have comparatively much less number of ionic groups thereon (i.e. 2 
groups) than those on polymer chains in CPSN (e.g. at least 5 moles). Two series of 
NPSN will be prepared by surfactant free emulsion polymerization (SFEP) One 
of the series will be of different particle size but with similar molar mass of 
polystyrene chains confined in NPSN while the other set will be of similar particle 
size but with different molar mass of confined polystyrene chains. These two sets of 
samples will be mainly used to study the effect of confining space and molar mass of 
polymer chains. Additionally, CPSN will be prepared by novel phase inversion 
method and such sample will be mainly used to study the effect of ionic groups to the 
relaxation of polymer chains. 
In this study, one of the major problems that will be encountered is the preparation of 
NPSP with similar particle size but with different molar mass of confined 
polystyrene chains. This is because no such works have been done before, and no 
precedent researchers' works can be followed. 
All particle-formed films will be annealed at three different temperatures, namely 
below glass transition temperature (Tg), about Tg and above Tg. Thus, the relaxation 
of polymer chain at different temperature could be observed and compared. Goudy et 
al 14 used A F M to study the morphology of polystyrene latex thin films deposited 
from surfactant-free latex dispersions onto the mica. It was found that polystyrene 
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particles with diameter (d) 0.375 ^im, the annealing below the glass transition 
temperature of polystyrene, such as at 95 °C，do not change their peak-to-trough 
values. However, when the temperature is increased to glass transition temperature 
(Tg) or even higher, the peak-to-trough height decreases markedly and then 
eventually levels off to much reduced values. They also investigated the effect of 
particle size on the film roughness, where the particles contain similar molar mass of 
the polymer chain. The results showed that smaller particles (d = 0.240 |im) used less 
time to reach the minimum peak-to-trough value. 
In this work, even though different kind of parameter will be used to report the 
changes in the particle, it is expect that similar result could be observed. That is to 
say, from the set of different particle size but with similar molar mass of polystyrene 
chains, it would be able to find that the roughness of sample with smaller particle 
size decreases faster than that of the larger ones, and also if higher annealing 
temperature is provided, it would make roughness decrease faster. In addition, this 
study will also extend to the evaluation of how roughness changes for samples with 
similar particle size but with polymer chains of different molar mass. It is expected 
that particles with polymer chains of higher molar mass will have a slower change in 
the roughness because longer polymer chains will form more entanglements between 
each other. So before polymer goes to relax, they have to overcome these 
entanglements. 
The influence of polymer chain carrying charged groups on inter-diffusion is of 
special interest due to the differences in their behavior compared to the central 
portions of the chain, such as the long-range electrostatic interaction between the 
charged chains. In industrial practice, charged polymer chains may have various 
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chemical structures depending on the use of initiators, chain transfer agents, or other 
special chemistries. Yoo et al and Kim et al ” investigated latex film formation 
by small angle neutron scattering (SANS) methods to understand the interdiffusion 
process. They measured diffusion coefficients in both anionically polymerized and 
free radical polymerized polystyrene. Their results showed that the diffusion 
coefficients of latex films from conventional emulsion systems were an order of 
magnitude slower than those observed in the anionic miniemulsification system. The 
apparent slow interdiffusion in the conventional system was attributed to sulfate end 
group and/or to broad molecular weight distribution where the shortest chains 
interdifFused before measurement began. Kim and Winnik ^^  used Direct 
Nonradiative Energy Transfer Technique (DET) to investigate interdiffusion in 
poly(butyl methacrylate) latex films made by conventional emulsion polymerization 
and then compared neutralized and protonated sulfate end groups. The results 
indicated that the protonated sulfate end groups induce faster interdiffusion than 
those in the salt form. Similarly, Welp et al ^^  also used D E T to study the 
interdiffusion coefficients of polystyrene. They showed that polystyrene of molar 
mass, 1 X 10^  g/mole with H ends has a slower diffusion coefficient than polystyrene 
with one sulfate end group. However, Kim and co-workers 〗。revealed that H-ended 
polystyrene has higher diffusion coefficients than one-sulfonate-ended and two-
sulfonate-ended polystyrene. The source of the discrepancy can be attributed to the 
difference in the nature of end-groups (sulfate vs sulfonate), the molar mass or its 
polydispersity and/or the aggregate structure 2。. 
In order to have a better understanding the charged polymer chain diffusion, 
Carboxylated Polystyrene Nanoparticle (CPSN) will be prepared by using novel 
phase inversion method 24 This kind of particle will be used to evaluate the 
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relaxation of charged polymer chains in relative to those polymer chains in NPSN. 
The carboxylated end groups on the polystyrene chains of CPSN are neutralized by 
Na+. It is expected that these polymer chains would relax much slower than those H-
ended polystyrene polymers in NPSN. It is anticipated that Na+ neutralized 
carboxylated end groups would cause ionic-ionic interactions which would hence 
enhance the aggregation of polymer chains in particles. However, Welp et al ^^  
reported a study on the interdiffusion coefficients of polystyrene by DET. They 
showed that polystyrene of molar mass, 1 x 10^  g/mole with H ends has a slower 
diffusion coefficient than polystyrene with one sulfate end group. In addition, Kim 
and co-workers 〗。revealed that H-ended polystyrene has higher diffusion coefficients 
than one-sulfonate-ended and two-sulfonate-ended polystyrene. This is to say that 
previous studies are contradictory among themselves, so those studies can not act as 
a reference for the present study. Therefore, the above anticipation regarding the 
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CHAPTER 2 
I n s t r u m e n t s 
This section describes the instruments that have been used in the present study, 
namely Laser Light Scattering (LLS), Atomic Force Microscopy (AFM), Gas 
Permeation Chromatography (GPC), Differential Scanning Calorimeter (DSC) and 
Scanning Electron Microscope (SEM). 
2.1 Laser Light Scattering 
W e always encountered with the examples of light scattering in everyday life. On a 
sunny day, the blue component of white sunlight is predominately scattered by the 
ozone layer in the atmosphere, giving us the sky with beautiful blue color. Or when 
there is a fog, the light scattering of small water droplets in air made us have poor 
vision even during daytime. The color of milk is resulted from the scattering of all 
colored light by protein molecules in solution. 
In laser light scattering, when a monochromatic, coherent light is incident into a 
dilute macromolecule solution, light will be scattered in all directions if the refractive 
indices of the solvent molecules and solute are different. Theoretically, the scattered 
light intensity in each direction would be constant if all the macromolecules or 
particle are stationary. 
But in reality, these macromolecules undergo constant Brownian motion and this 
leads to the fluctuation of the scattering intensity with time. This fluctuation rate can 
be related to the relaxation processes of the molecules, such as diffusion (translation 
and rotation) and internal motion. Therefore, by measuring this fluctuation of 
intensity I{t) in time domain, i.e. dynamic laser light scattering and the time-average 
scattered intensity I, i.e. static laser light scattering, information of the 
macromolecules can be obtained if the detection area is small enough. 
In polymer science, static laser light scattering is always used to investigate the static 
properties of macromolecules in solution, such as molar mass, radius of gyration and 
conformation. While the dynamic laser light scattering is used to study the dynamics 
of the macromolecules in solution, such as the translational and rotational diffusion 
process. Combination of static and dynamic measurement gives us invaluable 
information about the physical properties of macromolecules, however static 
measurement is only used to determine the molar mass of polymer chains while the 
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dynamic measurement is used to determine the radius of hydration (RJ and 
polydispersity of various particle samples prepared in this study. In the following 
sub-sections, Static and Dynamic Laser Light Scattering are introduced briefly. 
2.1.1 Static Laser Light Scattering 
For a dilute macromolecule solution measured at small scattering angle (0), the 
weight-averaged molar mass (M^) and the z-average root-mean square radius of 
gyration or written as <Rg>) of polymer samples can be obtained by the 
following equation, 
A 三 去 〔 i + { ⑷ 外 2 从 (2.1.1) 
where K = 4兀、\dn/dCf/(NM and q = (4朋/;ysin((9/ 2) with N�, dnIdC, n,為 
and Aq being the Avogadro number, the specific refractive index increment, the 
solvent refractive index, the second-order virial coefficient and the wavelength of the 
light in vacuum, respectively. Knowing the angular dependence of the excess 
absolute scattering intensity, or Rayleigh ratio is essential in calculating the 
molar mass and radius of gyration of the macromolecules. 
Practically, this R丄q) is determined by measuring the scattering intensity of a 
standard such as toluene and then calculated based on the equation as 
K ⑷ = 小 - 了 一 小 K 一 ⑷ ( 2 . 1 . 2 ) 
< i > standard 打 standard 
I and n are, respectively, the time-averaged scattering intensity and the refractive 
index and ；^  is a constant between 1 and 2, depending on the detection geometry of 
the light scattering instrument. If the scattering volume were determined by a slit y 
would equal to 1. But if the scattering volume were selected by a pinhole much 
smaller than the diameter of the incident beam at the center of the scattering cell, y 
would be 2. Therefore, if the pinhole size is comparable to the mean diameter, y 
would lie between 1 and 2 which is not favored. In practice, we should avoid this 
situation by choosing either a slit or a smaller pinhole. 
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2.1.2 Dynamic Laser light Scattering 
When the scattered field is a Gaussian random process, the correlation functions 
and are connected through the Siegert relation 
= l + ⑴(,)f (2.1.3) 
where 三 丨 <E{0)E\0)>] and f-\t)三[</(0)/(t)> / </(0)>'] are the 
normalized field-field and normalized intensity-intensity autocorrelation functions 
respectively. By evaluating the above equations, the intensity time autocorrelation 
function is obtained 
C7(2)(/)=</(0)/(/)>= </(0)>2#(0 = </(0)>2[1+ I (2.1.4) 
It is important to relate the with by the above equation as the G^\t) and 
</(0)> can be obtained experimentally. But an instrumental parameter p (<1) is 
introduced in equation (2.1.4) as the detection area can not be zero no matter how 
small it is and the scattered light detected can not be purely coherent. Thus 
equation(2.1.4) becomes 
G'\t)=A{\+p\f\t)V) (2.1.5) 
where A{=< 7(0) > ” is the baseline, t is the delay time, y^ is a parameter depending on 
the coherence of the detection optics, and /(/) is the detected scattered intensity or 
photon counts at time t, which includes contributions both from the solvent and from 
the solute. 
In general, the relaxation of ⑴（01 includes both diffusion (translation and rotation) 
and internal motions of the particles. If we only consider the translational diffusion 
relaxation of a polydispersed polymer sample with a continuous distribution of molar 
mass M, 
⑴ ⑴ 丨 = r G ( T ) e ' ' d r (2.1.6) 
JO 
where G ( r ) is called the line-width distribution and G(r)cir is the statistic weight of 
the particles or macromolecules which possess line-width F. Since the measured G⑵(/) 
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can be converted to ⑴(/)| by the Laplace inversion program CONTIN, the line-
width r can be obtained. And F can be related to C and q by 
r v k , C ) { \ +f<Ri>,(i) (2.1.7) 
where D is the translational diffusion coefficient of the solute molecule at C -> 0, k^ is 
the diffusion second virial coefficient, and /is a dimensionless parameter depends on 
the polymer chain structure, polydispersity and solvent quality. D, /，and k^ can be 
obtained from the plots of ( 1 7力 c — o’“o， v s .才 and ( 1 7力 v s . C, 
respectively. Since both thermodynamic and hydrodynamic interactions contribute to 
k如 it be further expressed as 
= (2.1.8) 
where C^ is an empirical positive constant. 
When 0 and 6 — 0 , Ytq^ can be further simplified to 
Ylcf—D (2.1.9) 
By the definition of ⑴（/)|，G{D) = ^G(r), G(r) can be converted to the 
translational diffusion coefficeint distribution G{D) and further to hydrodynamic 
radius {R^ by the Stokes-Einstein equation 
R^ = kJIGnriD (2.1.10) 
In the equation, the k^, T, and 77 is the Boltzmann constant, the absolute temperature, 
and the solvent viscosity respectively, while rest of the parameters are measurable by 
other method. Calibration is no need and thus the particle sizing of polymer chains 
by dynamic laser light scattering can be considered as an absolute method. 
2.1.3 Correlation Function Profile Analysis 
By obtaining can be determined through equation (2.1.5). G(T) and 
G(D) can then be computed from the Laplace inversion of Laplace 
inversion programs were helpful in determining desired information, especially in 
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terms of the average line width r = fVG(r)^/r and the relative width (/VF:) of 
Jo 
the line-width distribution (G(r)) with 
r(r-f) 'G(r)^/r (2.1.11) 
Jo 
But the Laplace inversion also has its limitation and ill-conditioned problem. Due to 
the limited number of data points and the bandwidth limitation of photon correlation 
instruments, some unavoidable noises in the measured time correlation function 
appears. This would cause the obtained could not always provide necessary and 
sufficient information to determine G(r) uniquely. Therefore, it is important to 
keep the sample solution thoroughly cleaned by dust-free process as reducing noise 
is very important in the measured intensity intensity time correlation function. Or the 
noise would cause large error in the Laplace inversion. Many computation program 
of Laplace inversion have been developed and improved due to the rapid increase of 
personal computer speed. Among many programs, the CONTIN program is one of 
the most widely used and accepted programs for this computation. This program 
contains safeguarding constraints to avoid the ill-posed nature of the inversion. An 
early method of analysis was based on a cumulant expansion ！斗’!�of the correlation 
function 
= + … （2.1.12) 
00 一 ftn 
讲=1 m! 
‘ jm 
where k^ = (-！广^！！！容⑴⑴ is the m出 cumulant of f \ t ) and 
L dt 丄 
•CO 
= ( r — r ) ' G ( r ) dr . Equation (2.1.12) may be fitted by a least squares routine 
Jo 
to the correlation fiinction and values for ju^ , ju^ , ... obtained. The average width 
— fKO — 
r = Jo rG(r) dr is the mean relaxation time. The variance is /Vr], where ^ = 
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translational diffusion coefficient. 
The use of CONTIN many yield reliable F and //j/revalues under all conditions as 
long as the measured time correlation function was obtained within a proper 
bandwidth range and the photon counts have sufficient statistics, e.g., the baseline (A) 
has a total counts over 10^ 
In conclusion, all useful information in this study could be obtained by the use of 
both static LLS and the dynamic LLS. In static LLS, the angular dependence of the 
excess absolute time-averaged scattering light intensity, known as the excess 
Rayleigh ratio R^(^) of dilute polymer solutions with different concentrations (C) 
can lead to the weight average molar mass (MJ and the root-mean-square z-average 
radius gyration of the polymer chain in solution or written as <Rg>). In 
dynamic LLS, the Laplace inversion of a measured intensity-intensity time 
correlation function in the self beating mode can result in a line-width 
distribution G(r) [m-n]. For a pure diffusive relaxation, G(r) can be transferred into a 
translational diffusion coefficient distribution G(D), since q—o or a 
hydrodynamic radius gyration ^(Rh) via the Stokes-Einstein equation, Rj,= 
(k它T/67nf)D〜wherein k^, T and rj are the Boltzmann constant, the absolute 
temperature, and the solvent viscosity respectively. 
2.1.4 Parts of Laser Light Scattering Instrument 
A modern commercial light scattering spectrometer used in our laboratory mainly 
consists of light source, the optics, the cell holder and the detector. One set of our 
light scattering spectrometer was equipped with a differential refractometer designed 
by W u et al. ^^  for the measurement of the specific refractive increment (dn/dC) of 
polymer solutions. 
2.1.4.1 Light source 
The light source we used is a He-Ne laser with wavelength of 632.8 nm and an 
output power of 22 m W . Typically, as a light source in Laser Light Scattering 
16 
measurement, the beam amplitude noise should be lower than 0.5 percent or the 
noise level of the intensity-intensity time correlation function in dynamic Laser Light 
Scattering will be affected. While for time-averaged scattered light intensity 
measurement, long-term amplitude stability less than 士 1 percent is required. 
Moreover, both the beam point and intensity stability are also important since a very 
good alignment of the light beam is always crucial for normal static Laser Light 
Scattering measurement. 
2.1.4.2 Cell design 
The mechanical parts of our Laser Light Scattering instrument is called goniometer 
including a cell holder and an co-axial and accurately angular-controlled rotatable 
arm on which the fast and sensitive avalanche photo diode (APD) detector is located. 
The cell holder consists of a hollow Telfon block with an inside diameter of 17 m m 
to hold the small scattering cuvette. The block is placed inside an index matching vat 
cylinder polished in cylinder-lens quality and filled with known refractive index fluid 
(toluene) whose refractive index close to that of cuvette glass. Thus the surface 
scattering and the curvature of the scattering cuvette could be reduced. The 
temperature of index matching vat is precisely controlled by water circulation form a 
thermostat. 
2.1.4.3 Detector 
A high quantum efficiency avalanche photo diode (APD) detector in Geiger mode is 
used. A P D detector has a higher photon count rate than a conventional photo 
multiplier tube (PMT), leading to a faster and more sensitive response to photon 
irritations. Modern APDs normally have a maximum performance in the wavelength 
range of 600 nm to 750 nm, even can reach an overall quantum efficiencies of 70 
percent at 633 nm which is very suitable for the light source we are using. The output 
signal is then treated by amplifier before it is connected to the multiple tau digital 
time correlator situated in a PC computer. The APDs show a very low dark count 
contribution and response to signal pulse quickly enough for dynamic light scattering 
sampling. The rotatable arm makes it possible for the A P D detector to get both 
dynamic and static data at different angles. 
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2.1.4.4 Differential refractometer 
The specific refractive index increment (dn/dC) is an important parameter in static 
Laser Light Scattering measurement. From the definition of K in basic equation of 
static Laser Light Scattering, the relative error in (dn/dC) would lead to a double 
error of molar mass calculated. Therefore, precise determination of (dn/dC) value is a 
necessary. In our refractometer, a small pinhole with a diameter 400jim is 
illuminated with laser light. The illuminated pinhole is imaged to a position sensitive 
detector by a lens located at an equal distance ( I f - l f ) form the pinhole and the 
detector. A temperature-controlled refractometer cuvette is located in front of the 
lens. When sample was injected into the cuvette, the displaced light beam refracted at 
the boundary between the sample and reference liquid from the center of the detector 
was transferred into output voltage and measured by a digital voltmeter. 
Since the laser source of the set up can be changed, by choosing a laser source with 
the same wavelength of the source used in Laser Light Scattering experiment, 
correction is not needed for the refractive index increment measured. This novel 
design has made the measurement of A/? much easier and provides reliable and 
accurate values of (dn/dC) from the instrument's stability. 
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2.2 Atomic Force Microscopy 
Atomic Force Microscopy (AFM) is one of the most commonly used Scanning Probe 
Microscopy, which is derived from the Scanning Tunneling Microscopy (STM) by 
Calvin Quate, Christopher Gerber and G. Binning et al}^ 
2.2.1 Principle 
A F M brings the probe to the surface of a sample with a sharp tip such that it will 
experience a very small tip-sample interaction force in an order of nano-newton. The 
probe is raster scanned across the sample surface or vice versa, while maintaining a 
constant force between the tip and the sample. The deflection of the cantilever 
caused by changes in surface stiffness or topography allows the A F M to record 
topographic contours of a surface ^ ^ In order to measure the cantilever deflections, 
an optical lever is used Laser beam is first projected to the back surface of the 
probe (Figure 2.2.1), which is then reflected to the segmented photodiode which 
converts the cantilever deflection motion into the photoelectric current which is then 
input into the feedback circuit. The feedback loop will obtain two signals, namely the 
feedback sum output and the error signal. The feedback sum output is mainly 
responsible for producing the surface topography image while the later one is 
responsible for the tip-sample distance correction. By measuring the difference signal 
(A-B), changes in the bending of the cantilever can be measured. The obtained image 
is composed of many scan lines resembling to that of the image on television. 
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The way in which image contrast is obtained can be achieved in many ways. The 
three main classes of interaction are contact mode, tapping mode and non-contact 
mode. In order to understand those modes, it is essential to understand the force that 
A F M deals with. The most commonly associated interatomic force with A F M is the 
van der Waals force. The dependence of the van der Waals force upon the distance 
between the tip and the sample is schematically shown in Figure 2.2.2. There are two 
types of regimes: the contact regime and the non-contact regime respectively and 
which are labeled by bold lines in Figure 2.2.2. In the contact regime, the cantilever 
is held less than a few angstroms from the sample surface, and the interatomic force 
between the cantilever and the sample is repulsive. In the non-contact regime, the 
cantilever is held on the order of tens to hundreds of angstroms above the sample 
surface, and the interatomic force between the cantilever and sample is attractive 
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Figure 2.2.2 Interatomic force vs. distance curve ^^ 
2.2.1.1 Contact-mode AFM 
The contact-mode A F M is known as the repulsive mode that the A F M tip makes soft 
"physical contact" with the sample. The tip is attached to the end of a cantilever with 
a low spring constant, lower than the effective spring constant holding the atoms of 
the sample together. As the scanner gently traces the tip across the sample or vice 
versa, the contact force causes the cantilever to bend in order to accommodate 
changes in topography. 
The slope of the van der Waals curve is very steep in the repulsive or contact regime. 
As a result, the repulsive van der Waals force balances almost any force that attempts 
to push the atoms any closer. When the cantilever pushes the tip against the sample, 
it bends rather than forcing the tip atoms closer to the sample atoms. In addition to 
the repulsive van der Waals force described above, two other forces are generally 
present during the contact A F M operation: a capillary force exerted by the thin water 
layer often present in an ambient environment, and the force exerted by the 
cantilever itself. As long as the tip is in contact with the sample, the capillary force 
should be constant because the distance between the tip and the sample is virtually 
incompressible while the water layer is reasonably homogeneous. The variable force 
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in the contact A F M is the force exerted by the cantilever. The total force that the tip 
exerts on the sample is the sum of the capillary force plus cantilever force, and must 
be balanced by the repulsive van der Waals force for contact A F M . The magnitude of 
the total force exerted on the sample varies from 1 N to a more typical operating 
range of lO'Uo lO'^N. 
2.2.1.2 Non-contact mode AFM 
The non-contact mode A F M (NC-AFM) is one of the vibrating cantilever techniques 
in which an A F M cantilever is oscillated at its resonant frequency and positioned 
above the surface 22-23 The spacing between the tip and the sample for N C - A F M is in 
the order of tens to hundreds of angstroms. N C - A F M provides a means for 
measuring sample topography with little or no contact between the tip and the sample. 
The total force between the tip and the sample in the non-contact regime is very low, 
generally about N. Because of such weak force, N C - A F M is favorable for 
studying organic and polymeric samples as well as other soft elastic samples. The 
cantilevers used for the N C - A F M might be stiffer than those used for the contact 
A F M because soft cantilevers can be pulled into contact with the sample surface. 
In the non-contact mode, the system vibrates a stiff cantilever near its resonant 
frequency (typically from 100 to 400 kHz) with amplitude of a few tens of angstroms. 
Then it detects changes in the resonant frequency or vibration amplitude of the 
cantilever as the tip approaches to the sample surface. The sensitivity of the detection 
scheme provides sub-angstrom vertical resolution in the image, as with the contact 
A F M . 
The relationship between the resonant frequency of the cantilever and that of the 
variations in sample topography can be explained as follows. The resonant frequency 
of a cantilever varies as the square root of its spring constant while the spring 
constant of the cantilever varies with the force gradient experienced by the cantilever. 
The force gradient, which is the derivative of the force versus distance curve as 
shown in Figure 2.2.2，changes with the tip-to-sample separation. Thus, changes in 
the resonant frequency of cantilever can be used as a measurement of changes in the 
force gradient, which reflect changes in the tip-to-sample spacing and then to sample 
topography. The system monitors the resonant frequency or vibration amplitude of 
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the cantilever and keeps them constant with the aid of a feedback system by moving 
the scanner up and down. Except keeping the resonant frequency or amplitude 
constant, the system also keeps the average tip-to-sample distance constant. 
2.2.1.3 Tapping mode AFM 
Tapping mode atomic force microscopy (The T-AFM instrument used in this study is 
Nanoscope Ilia tapping mode A F M [Digital Instruments]) or intermittent-contact is 
quite similar to NC-AFM, except that for T-AFM the vibrating cantilever tip is 
brought closer to the sample so that when it travels it just barely hits, or "taps" the 
sample. The T-AFM operating region is indicated on the van der Waals curve in 
Figure 2.2.2. As for NC-AFM, for T-AFM the cantilever's oscillation amplitude 
changes in response to tip-to-sample spacing. An image representing surface 
topography is obtained by monitoring these changes. 
Ensembles to NC-AFM, T-AFM is less likely to damage the sample than the contact 
A F M because lateral forces (friction or drag) between the tip and the sample are 
eliminated. In general, it is found that T-AFM is more effective than above 
mentioned N C - A F M for imaging larger scan sizes that may include greater variation 
in sample topography. T-AFM has become an important A F M technique since it 
overcomes some of the limitations of both contact and non-contact A F M . For 
example, the small force magnitudes in the non-contact regime and the great stiffness 
of the cantilevers used for NC-AFM are both factors that make the NC-AFM signal 
weak, hence difficult to measure. For T-AFM, it puts very stringent requirements on 
the probe modulation and signal processing system in order to measure very weak 
interactions in a very close proximity to the sample surface. 
2.2.2 Parts of Atomic Force Microscopy 
A F M can have the best resolution up to 10 pm. In order to achieve this atomic scale 
resolution, there are many refinements need to be mentioned, namely: 
• Sensitive detection 
• Flexible cantilevers 
• Sharp tips 
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• High-resolution tip-sample positioning 
• Force feedback 
They are briefly explained below. 
2.2.2.1 Sensitive detection - Laser beam reflection 
The application of optical lever enables A F M s having a resolution of the lever 
deflection up to picometer which is comparable to interferometer while remaining 
inexpensive and easy to use 25-26 
The optical lever (Figure 2.2.1) operates by reflecting a laser beam off the cantilever. 
Angular deflection of the cantilever causes a twofold larger angular deflection of the 
laser beam. The reflected laser beam strikes a position-sensitive photodetector 
consisting of two side-by-side photodiodes. The difference between the two 
photodiode signals indicates the position of the laser spot on the detector and thus the 
angular deflection of the cantilever. 
The optical lever magnifies the tip motions to about 2000-fold because the 
cantilever-to-detector distance generally measures thousands of times the length of 
the cantilever and it can theoretically obtain a noise level of lO'^ "^  m/Hz"2 ？？ 
2.2.2.2 Flexible Cantilever 
The performance of cantilever is determined by its spring constant k and resonant 
frequency. Typically, the spring constant is about 0.1 N/m. The relationship of spring 
constant and resonant frequency is: 
resonant frequeny = 丄 J — ~ 
Itt V mass 
The cantilever used in this research was bought from the commercial vendor the 
Mikro Masch Company and the specific type was N S C 16 (Figure 2.2.3) which is 
specifically suitable for the tapping-mode A F M . As shown in Figure 2.2.4，the 
dimensions of the cantilever base are 3.4 x 1.6 x 0.4 mm^ while that of the cantilever 
is 230 |im in length and 40 fim in width. This type of cantilever has the typical 
resonant frequency and force constant is 170 kHz and 40 N/m (Table 2.1) 
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Figure 2.2.3 S E M image ofULTRASHARP silicon cantilever of the NSC16.'' 
1® 
0,4 nw^ , J>6 mm. 
Figure 2.2.4 Silicon chip of the N S C 16 series has 1 rectangular cantilever. The 
thickness of the chip is 0.4 m m . 
Cantilever Cantilever Cantilever Resonant Force Constant, 
Cantilever 
Length, Width, Thickness, |im Frequency, kHz N/m 
Type ： ： ： 
1 ± 5, ^ m w ± 3, |Lim min typical max min Typical max min typical max 
A ^ 40 6.5 TO 7.5 150 170 190 25 40 60 
Table 2.1 Specifications of the cantilever type N S C 16.29 
2.2.2.3 Sharp Tips 
"Sharp" tips are attached at the free end of A F M cantilever which are fabricated by 
microlithographic techniques. There are three most common types of A F M tip, 
namely "Normal tip" ^ ^ Supertip and Ultralever. The "normal tip" (Figure 2.2.5a) is 
about 3 ^ m tall pyramid with 〜30 nm end radius. The "Supertip" or electron-beam-
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deposited (Figure 2.2.5b), offers a higher aspect ratio so it is good for probing pits 
and crevices. Finally, the "Ultralever" (Figure 2.2.5c) which is developed by the Park 
Scientific Instruments, based on an improved microlithography process. Ultralevers 
offers a moderately high aspect ratio and on occasion a -10 nm end radius. 
Excluding other factors, like the tip-sample interaction, the end-radius of the tip 
determines its resolution. By considering the effect and the economic reason, N S C 16 
type from the MikroMasch Company (Figure 2.2.3) was chosen for this study. 
Specifically, the tip apex angle is 20-25°, its height is 15-20 jim and most importantly 
it has the end radius of less then lOnm, which is only available from the Ultralever. 
一 _ _ _ _ 隱 議 一 . 酵 ; ： 邏 
Figure 2.2.5 Three common types of A F M tip from left top right (a) Normal tip (3 
\im tall); (b) Supertip; (c) Ultralever ^^ 
2.2.2.4 High Resolution on Tip-sample Positioning 
Piezoelectric ceramics in the scanner tube are a class of materials that expand or 
contract when in the presence of a voltage gradient or，conversely, create a voltage 
gradient when forced to expand or contract Piezoceramics make it possible to 
create three-dimensional positioning devices of arbitrarily high precision. 
Tube-shaped piezoceramics combine a simple one-piece construction with high 
stability and large scan range. Four electrodes cover the outer surface of the tube, 
while a single electrode covers the inner surface. Application of voltages to one or 
more of the electrodes causes the tube to bend or stretch, moving the sample in three 
dimensions (Figure 2.2.6). Applying a voltage to one of the four outer quadrants 
causes that quadrant to expand and the scanner to tilt away from it (XY movement). 
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A corresponding negative voltage applied to the opposite quadrant doubles the X Y 
range while preventing vertical motion. Applying a voltage to the inner electrode 
causes the entire tube to expand or contract (Z movement). 
Ma^ etic tip or 
sample holdar 
H f ^ H H 
Nickd 
Figure 2.2.6 Exploded view of a tube scanner ^^ 
2.2.2.5 Force Feedback ^^  
The feedback loop (Figure 2.2.7) consists of a tube scanner, a cantilever and an 
optical lever, and a feedback circuit. The tube scanner responsible for adjust the 
whole sample height while the two levers in combination help to measure the local 
height of the sample. 
O , Error 
Compensadofi network 
Tub任 Topography 
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Figure 2.2.7 The A F M feedback loop '' 
The feedback circuit does its job during sample scanning. If the feedback is switched 
on, then the positioning piezo (or piezoceremic) which is moving the sample (or tip) 
up and down can respond to any changes in force which are detected, and alter the 
tip-sample separation to restore the force to a pre-determined value. This mode of 
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operation is known as constant force, and usually enables a fairly faithful 
topographical image to be obtained (hence the alternative name, height mode). 
In addition, if the feedback is switched off，then the microscope is said to be 
operating in constant height or deflection mode. This is particularly useful for 
imaging very flat samples at high resolution. Often it is best to have a small amount 
of feedback-loop gain, to avoid problems with thermal drift or the possibility of a 
rough sample damaging the tip and/or cantilever. Strictly, this should then be called 
error signal mode. 
The error signal mode may also be displayed whilst feedback is switched on; this 
image will remove slow variations in topography but highlight the edges of features. 
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2.3 Gel Permeation Chromatography 
Gel Permeation Chromatography (GPC) is the synonym of gel filtration, gel exclusion 
chromatography, size-exclusion chromatography and the molecular sieve 
chromatography. Nowadays, GPC becomes more and more important because it is fast, 
easy and most importantly it gives very fruitful information of the analyzed samples. 
Therefore it is widely used in the biochemistry, organic chemistry, polymer science 
and etc. Especially in polymer science, GPC is routinely used to estimate quickly the 
weight averaged molecular weight (M^), number averaged molecular weight (MJ, and 
also the polydispersity of polymers. Due to the rapid development of scientific 
analyzers, say UV/VIS spectrometer, TOF-MALDI Mass Spectrometer, Laser Light 
Scattering or Viscosity detector where GPC could couple with and much fiirther 
information could then be obtained. 
2.3.1 Principles 
During GPC operation, pure prefiltered solvent is injected into the column at a 
constant flow rate (1 to 3mL/min) and then a very small amount (1 to 5mL) of a dilute 
polymer solution (<0.2g /dL) is injected by a syringe into the solvent stream and 
carried through the column. Polymer molecules are then diffused from this mobile 
phase into the stationary phase composed of the solvent molecules occupying the bead 
pores. 
GPC separates according to sizes but not according to the affinities toward to porous 
substrate. The separation works because different size of the polymer occupies 
different volume inside the pores of gel. For solute with small molecules, they follow 
to the places, as the solvent does, to both inside the pores and in between beads. For 
intermediate sized molecules, they can not enter the large pore but the small ones. 
However for large molecules, they could only stay outside of the pores and between 
beads. 
In the column, the volume of the solvent exterior to the gel particles is V。； the internal 
volume of the pores is Vj. When a small sample of a solution is applied on the column 
and is eluted in the usual way, the newly introduced solvent together with very small 
molecules is eluted after volume Vt = V^ + V^ has passed through the column. Very 
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large particles cannot penetrate into any pores, hence they travel faster than the solvent 
front and elute with V。as their elution volume. The elution volume V。of intermediate 
particles is 
Ve = V, + aV, (2.3.1) 
where the parameter a is the fraction of the internal volume accessible to the solute 
and depends on the nature of the gel and on the size of the molecules. 
So it could be generalized as follow; 
Large molecules o = 0, Ve= V。； 
Small molecules g = 1，V。= V。+ Vj 
Intermediate molecules 0 < cj < 1，Ve = V。+ aVj 
For a given polymer, solvent, temperature, pumping rate, column packing and bead 
size and V^ are related to molecular weight. This relation is found by comparing 
elution volumes with polymer standards with known molecular weight, narrow 
distribution and at the identical condition. The popular standards are polystyrene and 
polymethylmethacrylate, and polystyrene was used in this project. However care must 
be taken when using polystyene as the standard for polymers which do not have 
available standards, this is because different polymers in the same solvent have 
different dimensions. The most exact but demanding procedure is to use the universal 
calibration curve, as illustrated somewhere else 
2.3.2 Parts of Gel Permeation Chromatography 
Gel Permeation Chromatographer has the parts like solvent injection system and 
sample injection system (These two are composed of the solvent tank, degaser, 
micro-volume pump, filter and the injection apparatus), gel column and the detector. 
The general schematic diagram of a GPC is shown in Figure 2.3.1. 
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Figure 2.3.1 Basic instrumentation of gel-permeation chromatography 
2.3.2.1 Column 
It has the typical length of 30 to 50 cm and very small diameter. The column is packed 
with highly porous beads having the size ranges from 5 nm to 500 nm. Pore diameter 
of the beads may range from 1 to 10^  nm, which approximate the diameter of polymer 
molecules in solution. Examples are porous glass or gels such as swollen, cross-linked 
polystyrene for organic solvents, and cellulose, dextrans or polyacrylamide for 
aqueous solutions. 
2.3.2.2 Detector 
At the column outlet, a detector is used to register some relevant property of the elute. 
More oftenly used detectors are the refractometers，Ultraviolet Spectrometers and now 
the Laser Light Scattering Spectrometers. In this project, the GPC is coupled with 
Laser Light Scattering. The volume of the detector should be kept essentially small so 
as to prevent the line broadening of the detected signal and its shape should not induce 
any turbulence. 
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2.4 Differential Scanning Calorimeter 
Differential Scanning Calorimeter (DSC) is one type of thermal analytical instruments 
widely used in the material studies and related industries. It is a powerful tool that 
studies the thermal transitions of a material, like heat capacity, glass transition 
temperature, crystallization, melting and etc. 
2.4.1 Principle 
In general, D S C is composed of two modules as shown in Figure 2.4.1 below. On the 
left, that is the heating module and a computer containing the temperature-controlling-
software, which is on the right. 
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Figure 2.4.1 Schematic diagram of D S C and its components 
The heating module contains two pans, one is called reference pan and the other is called 
the sample pan, which are arbitrarily assigned in Figure 2.4.2. The sample pan is where 
the sample is placed while the reference is left empty. Further to that, there are also 
furnaces, thermocouples and other accessories. 
In the process, when computer has been given the command of heating, it would then 
turn on furnaces to heat the aforementioned pans, however in a manner depending on the 
types of systems per se. If it is a power compensation type, the temperature of the 
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sample and the reference are controlled independently using the separate, identical 
furnace. The temperature of the sample and reference are made identical by varying the 
power input to the two furnaces; the energy required to do this is a measure of the 
enthalpy or heat capacity changes in the sample relative to the reference. In heat flux 
DSC, the sample and reference are connected by a low resistance heat flow path (a metal 
disc). The assembly is enclosed in a single furnace. Enthalpy or heat capacity changes in 
the sample cause a difference in its temperature relative to the reference. The 
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Figure 2.4.2 Two types of heating source 
No matter which type of the system is, finally the computer will plot the enthalpy 
change against the change of time or of the temperature. By using different kind of 
analytical tool, useful information could be obtained from the plot. 
2.4.2 Determination of Tg 
When we start heating the polymer, the computer started to plot the difference in the 
heat output of two heaters against time, or in this study, the temperature instead. The 









Figure 2.4.3 Theoretical plot of heat flow against temperature 
In other words, the heat absorbed by the polymer is plotted against temperature. In 
Figure 2.4.3，heat flow equals to heat over time, which means q/t. Meanwhile, the 
heating rate is temperature increase AT per unit time, t. Dividing heat flow by heating 
rate results heat capacity Cp. In the real situation, there will be more fluctuations in the 
heat flow of the plot. The position and pattern of the variation of the heat flow depends 
on the nature of the polymer per se. Figure 2.4.4 below shows a more or less the realistic 
portrait of the heat flow occurred at Tg. 
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Figure 2.4.4 Theoretical plot of heat flow against temperature, in which the "step" 
shows where the glass transition temperature is situated 
In this plot, a transitional change in the heat flow is observed at a discreet temperature 
range. In this range, the polymer takes in more energy to undergo a glass transition 
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change. In this study, the temperature in the middle of the range is recognized as the Tg 
which is the temperature the polymer films will have been annealed. 
35 
2.5 Scanning Electron Microscope (SEM)髓 
Nowadays, S E M is utilized not only in medical science and biology, but also in such 
diverse fields as materials development, metallic materials, ceramics, and 
semiconductors. 
2.5.1 Principle 
In light microscopy, a specimen is viewed through a series of lenses that magnify the 
visible-light image. However, S E M does not actually view a true image of the 
specimen, but rather produces an electronic map of the specimen that is displayed on 
a cathode ray tube (CRT). 
Specifically, S E M images can be produced by any signal generated by the interaction 
of a finely focused primary beam of electrons as it is scanned over the specimen 
(Figure 2.5.1). As indicated in this figure, a narrow beam of electrons is produced by 
successive electromagnetic condenser lenses and such beam places a small spot of 
electrons on the specimen 500 to 50 人 in diameter). The primary beam (also 
called the electron probe) penetrates the surfaces and produces a variety of signals 
(Figure 2.5.2), any of which can be used to generate micrographs. 
Secondary electrons are one kind of those signals, which have low energy and can 
escape from a very thin layer of surface (50 A). The main effective area of secondary 
electron emission is very close to the specimen-incident beam incidence, so that the 
probe size is the dominant feature in the resolution capability of a SEM. The 
specimen-beam interaction also produces backscattered electrons or named as 
elastically scattered electrons, specimen currents, photons, Auger electrons and X-
rays (Figure 2.5.2) which are characteristics of the probed specimen. These signals 
could also be used to produce images of the surface. 
The basic machine is composed of an electron gun which provides a beam of 
electrons with energies of from 1 to 50 keV. The electrons are accelerated past two 
or more electron condensing lenses that demagnify the beam into a small-diameter 
probe, which is then scanned over the specimen. In order to scan the specimen with 
the probe, deflection coils are placed between the two last lenses or within the final 
lens to deflect the beam in a rectangular pattern over the sample. The scan generator, 
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which produces sweep signals to the column deflection coils, at the same time 
operates deflection coils in the SEM's cathode ray tubes. Because of this 
synchronization, there is a one-to-one correspondence beam on the specimen and that 
of the spot on the CRT. 
The intensity of the CRT spot can be controlled by the strength of a signal reaching 
the control grids (G) in the CRTs. The grid in a CRT actually is a metal cap which 
lies between the electron source and the phosphor face of CRT. The strength of the 
electric field placed on this grid determines the volume of electrons which can pass 
through it to the CRT face. The electron beam in the CRT is modulated in intensity 
by the strength of signal sent to the CRT grids from the detector. Therefore the 
brightness of the spot of the face of the tube is controlled by the amount of electrons 
liberated from the specimen surface by the interaction of the electron probe with the 
specimen. Because a major part of the electrons reaching the detector are secondary 
electron and they are easily captured by depressions in specimen topography, a 
specimen hole will appear black and a specimen hill will appear white on the face of 
the S E M CRT. Thus the S E M image is built up on the face of CRT on a point-to-
point basis, and a photograph of the image on the surface of the tube is a scanning 
electron micrograph. 
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Figure 2.5.1 The schematic draw of a generic SEM. 
Incident f i S /x-V 
Figure 2.5.2 The schematic diagram showing different kind of information obtained 
after the incident electrons projected on the surface of specimen. 
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2.5.2 Sample preparation 
The specimens examined by S E M must be able to withstand the strong electric 
currents produced by the electron beam. Samples that do not conduct electricity can 
be damaged by the charges that can build up. Non-conductive specimens must first 
be coated with a thin layer of conductive material. This coating is accomplished 
using a sputterer. A sputter coater produces a nanometer thickness of conductive 
material on the surface through a cold plasma process that retains the contours of the 
specimen. 
Since most polymer specimens are non-conductive, they must be sputter coated. 
Once the specimen is fixed, it is then glued to a sample holder or "post." The post is 
placed into the sputter coater until a thin layer of gold is applied to the surface. The 
specimen is then placed in the S E M vacuum chamber and the electron gun is 
switched on. 
2.5.3 Parts of SEM 
The essential features of parts of S E M are electron source, focusing means, scanning 
means, detection means, display system and etc. Some of the main parts are briefly 
described as below. 
2.5.3.1 Electron Gun 
A triode gun, as used in most of SEM, is combined with a single lens. Formally such 
triode gun may be treated as an electrostatic immersion lens. The accelerating 
voltage is applied between the cathode and anode and the field at the cathode 
(filament) surface is moderated by the bias potential applied to the grid. The grid is 
normally cylindrical with only a single aperture which is large enough for the anode 
field to penetrate to the cathode surface. Electrons are accelerated through the grid 
aperture and into the field of the anode which imparts a strong converging action, 
and hence a first focus or "cross-over" is formed and the beam is strongly diverging 
as it leaves the vicinity of the gun. The role of the aforesaid single lens is to bring the 
diverging beam to a focus in the specimen plane. By suitable choices of filament-grid 
and grid-anode distances thus assists in the production of a fine beam. 
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2.5.3.2 The Cathode 
A "hairpin" filament of Tungsten is normally used and this reaches a space-charge 
limited emission current of about 2 A/cm〗 at 2700 °C. At this rating, a beam current 
of 200 jiA can be drawn from an area of 100 |im square. The life of the filament is 
only ten hours, therefore it cannot be used permanently. 
2.5.3.3 The lens system 
The simplest form of lens is the second anode as shown in Figure 2.5.3. Such anode 
converge the beam to a focus if its potential is much greater than that on the first 
anode. The preferred form of these lenses are electromagnetic lenses because they 
are of relative freedom from contamination problems, the saving on the dimension of 
the vacuum column since they can be externally mounted and their smaller 
aberration coefficients. 
The scanning coils are mounted either on the object side of the lens when a double 
deflection must be used so that the beam passes through the center of the lens or 
within the lens itself. 
In order to give a total demagnification to the electron "spot", at least two and 
preferably three lenses are requited in addition to the electron gun. The first or 
condenser lenses are made strongly demagnifying whilst the final lens is designed to 
close limits in order to reduce spherical aberration. The condenser lenses are fitted 
with spray apertures to remove stray and aberrated electrons and the objective lens 
with interchangeable apertures to define the angle of the converging cone of 










Figure 2.5.3 The electron gun. C: cathode; G: grid; A: anode; Aj： first anode; A:: 
second anode 
2.5.3.4 The display system 
The display system consists of the cathode-ray tubes with the usual contrast and 
brilliance controls found on a television receiver, in which the cathode-ray tubes is of 
high resolution for photographic recording. All movements of the electron beam 
within the cathode-ray tube are however controlled by way of the "scan generator" 
which is also directly linked to the scanning coils in the microscope column. In this 
way each adjustment which the operator makes to the display is faithfully reproduced 
by the movement of the probing beam across the face of the specimen. 
2.5.3.5 The collector 
A grid in front of the collector is maintained at a small positive potential in relation 
to that of the specimen. This causes the emitted electrons to be accelerated along a 
curved trajectory towards the collector surface. Once through the grid the electrons 
are accelerated through a high potential by means of a thin electrically conducting 
layer on the surface of the scintillator. When the electrons strike the scintillator, light 
is produced and it is transmitted by means of a light guide into a photomultiplier 
mounted outside the specimen chamber. 
2.5.3.6 The vacuum system 
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Ordinary vacuum system of about 10"^  to 10'^  torr residual pressure is used for 
electron beam but pressure higher than this is not recommended as it would cause 
unwanted effects to the electron beam. The vacuum is obtained by a combination of 
rotary pump and diffusion pump, usually with baffling to prevent oil streaming into 
the electron optical chamber. 
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CHAPTER 3 
3.1 Preparation of Neutral Polystyrene Particles (NPSP) 
Materials. In the preparation of neutral polystyrene latexes, the following materials 
were used: deionized water (from Millipore Nanopore water system with a resistivity of 
18 O m cm), styrene (99%, from Aldrich), potassium persulfate (KPS, from Merch) and 
acetone (A.R. grade, from LAB-SCAN). Styrene monomer was distilled under reduced 
pressure before use. Analytical grade potassium persulfate was twice recrystallized from 
the mixture of hexane (A.R. grade, from LAB-SCAN) and benzene (A.R. grade, from 
LAB-SCAN), which was then vacuum-dried at ambient temperature and stored in a 
conventional refrigerator. Each batch of prepared KPS was kept only for 1 week and 
after that it would be discarded so as to guarantee the activity of the free radical that it 
could produce in the reaction. Analytical grade acetone was used without further 
purification. 
Nanoparticle preparation. NPSP substantially in two series were prepared by a simple 
one-step emulsion-free polymerization, in which the details of the experimental 
processes can be referred to somewhere else 
In the polymerization, predetermined amount of styrene, DI water, acetone (in case it is 
needed) were added in a 250 ml reactor fitted with a nitrogen bubbling inlet and outlet, a 
mechanical stirrer and a reflux condenser. After the solution was stirred for 30 min at 60 
°C under a nitrogen purge, suitable amount of KPS dissolved in deionized water was 
introduced to start the polymerization. The reaction mixture was kept at 60 °C for 6 
hours under a constant stirring rate of 400 rpm. The resultant NPSP particles were first 
quenched with icy water for 30 minutes and then filtered with fluted filter paper by 
gravitational filtration. The resultant filtrate was immediately stored in the refrigerator 
for the later characterization, thin film preparation and annealing. 
Noted that in addition to polymerization procedures, there were two requirements have 
to be taken care of: one of which was to prepare a series of polystyrene chains with 
similar molar mass but which was confined in different size of particles, while the other 
was to prepare polystyrene particles with similar size but with different molar mass of 
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chains confined inside. According to Zhang et al ^ ^ the first series can be fulfilled when 
the emulsion-free polymerization is carried out under an acetone/water solution system. 
Adding of acetone not only increases the solubility of monomer styrene in the solution, 
but also lowers the surface tension. In other words, by controlling different amount of 
acetone, the size of polystyrene particles can be controlled. Emulsion process is a typical 
free radial polymerization process, it is expected that different polystyrene chains of 
similar length can be confined inside the particle, although polystyrene chains actually 
may have a relative broad distribution. For the second series, it was much more difficult 
than can be imagined. In principle, the molar mass of polymer chains in the particles 
could be controlled by the amount of initiator and monomer, but at the same time the 
amount of initiator and the monomer also affect the resulting particle size. To the best 
knowledge of the author, no any reports related to the second series have been published, 
and polystyrene particles in this study could only be prepared by means of trial and error 
under a careful adjustment on the amount of initiator, monomer and acetone. The 
polymerization recipes of the four different kinds of polystyrene particles are shown in 
table 3.1 
V，Styrene Wt, K P S % KPS to Styrene Water : Acetone 
2SET-2 L6 0.0472 1.2540 50/50 
^ 3 0.0375 0.5347 “ 
SET-3 he 0.1894 5.0366 70/30 
SET-16 L6 0.1927 5.1252 90/10 
Table 3.1 The preparation recipe of polystyrene particles 
3.2 Characterization of NPSP 
The particle size, polydispersity of NPSP and the apparent molar mass of polymer 
chains confined inside NPSP were characterized by a modified commercial spectrometer 
(ALV/SP-125) equipped with a multi-x digital time correlator (ALV-5000) and a 
cylindrical 22 m W UNIPHASE He-Ne laser (k, = 632 nm). The principle of LLS can 
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be found in Chapter 2 or elsewhere 口 All measurements were conducted at 25.0 土 0.1 
。C. 
During characterizing NPSP, each sample solution was measured several times so as to 
assure that there was no concentration effect. However, the characterization of the 
apparent molar mass of polymer chains in NPSP was done once only, because the 
sample solution of polymer chains in toluene solvent is very stable. It should be 
mentioned that before the characterization of molar mass of polystyrene chain, NPSP 
dispersion solution was first freeze-dried and then the resulting white-cotton-like dry 
NPSP sample was redispersed either in toluene or in HPLC-grade tetrahydrofuran, 
depending on what technique was going to be used for the characterization. Generally, in 
doing LLS, the dried NPSP sample is dissolved in toluene to form a crude stock solution 
which is then further diluted for real LLS characterization. On the other hand, when 
undergoing additional determination by gel-permeation chromatography (GPC), dried 
NPSP sample is dissolved in HPLC-grade tetrahydrofuran. The sample solution is 
normally pumped at a flow rate of 1 rtiL/min, so the same practices were used in this 
study. After computer-aided analysis, the number-averaged molecular weight (MJ, the 
weight averaged molecular weight (MJ and polydispersity ( M ^ M J of each polymer 
chains confined in each kind of particle sample were obtained respectively. 
3.3 Preparation of Carboxylated Polystyrene Particles (CPSP) 
Materials. In the preparation of Carboxylated Polystyrene Particles (CPSP), the 
materials used were Carboxylated Polystyrene with 7.3 mol% (CPS 7.3) of carboxyl 
groups, sodium methoxide, analytical tetrahydrofuran (THF) and deionized water. CPS 
7.3 was prepared by Zhang et al! and they have the of 8.22x10'* g/mol and the M ^ of 
1.65x105 g/mol, while its polydispersity is 2.01. The ionic polymer was used because the 
amount of ionic groups on the polymer on carbon backbone can be controlled easily by 
means of reaction procedure. The details of preparation and characterization of such 
polymer can be found somewhere else Note that the carboxylation extend was 
double confirmed by titrating CPS in THF to a Bromothymol Blue end point with a 
sodium methylate solution in a mixture of toluene/methanol (90/10, v/v) under the 
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nitrogen environment. The sodium salt form of CPS (NaCPS) was prepared by 
neutralizing CPS in THF with sodium methylate in the same mixed solvent. 
The sodium methoxide was prepared by reacting sodium lump (from B D H , immersed in 
paraffin) with analytical grade methanol (from LAB-SCAN). The resulting solution was 
standardized against the standard IM HCl solution (from Riedel-deHaan). 
Micro-phase inversion. The ionic particles (CPSP) could be prepared by a micro-phase 
inversion method 瓜之�in this method, it is making a use of the interaction of polymer 
with the solvent. Specifically, the CPS was firstly dissolved in THF and then stirred for 
at least 48 hours to make sure completely dissolution of CPS After that, CPS THF 
solution was added dropwise into water solution. The insoluble hydrophobic backbones 
tended to collapse and associated with each other to minimize their interface with water, 
while the hydrophilic carboxylic groups tried to stay on the periphery to reduce the 
interfacial energy and stabilize the particles even though not all of them were able to 
locate on the interface. Typically, the nanoparticles were prepared by adding dropwise a 
CPS 7.3 THF solution with an initial concentration of 1 .Ox 10'^  g/ml to an excess of water 
under vigorous stirring. The resultant colloidal dispersions were transparent and stable in 
water through the electrostatic repulsion of the carboxylic groups on the interface. The 
final THF/H2O volume ratio was 1:100. 
3.4 Characterization of CPSP 
Alike the characterization of NPSN, CPSP was also characterized by using the same set 
of modified commercial LLS spectrometer. CPSP solutions were diluted into different 
concentrations, which were then clarified by using Millipore filter and predetermined by 
the LLS in order to assure no concentration effect. A solution with such concentration 
was then newly prepared and it was determined with the LLS to find out the 
polydispersity, hydrodynamic radius (RJ of each particle sample solution. 
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3.5 Film Formation 
The procedure of film preparation was detailed somewhere else Upon preparation, a 
drop of specified polystyrene particle solution was placed on the atomically smooth 
mica substrate (cut into squares of about 15 m m x 15 m m ) with the thickness of about 
0.15 m m . The water was then evaporated in an electronically controlled humidifier with 
the humidity of 40% at a constant temperature of 25 °C. The volume fraction and total 
volume were controlled so that all films were of comparable thickness (~1 |j,m). 
Through the study, all films were freshly prepared one day prior to the A F M 
determination so as to make sure no other unwanted factors would influence particles in 
the film. The volume of all sample solutions used was about 20 |j.L. 
3.6 Investigation Polystyrene Latex Film by AFM 
The relaxation of polymer chains was investigated by Tapping mode A F M while 
annealing of polystyrene films were performed by the heating module of A F M at 
temperatures at or around Tg for a certain time. 
Before determination, the heating module was calibrated by a conventional E type alloy 
thermocouple (Chromel (+)/Constantan (-)) against the digital panel display of itself, so 
as to assure the accuracy and consistency of temperature at which all samples were 
annealed. 
Once the mica with polystyrene sample was taken out from the electronic dehumidifier, 
it was put in a conventional glass desiccator when it was being transported to the venue 
where A F M was situated. Before A F M determination, the mica sample was cut into a 
suitable size fit for the scanning head. Such mica was then attached to the scanning table 
equipping heating head by using conventional double-sided cellu-tape. Once the sample 
had been started annealing, A F M tip was immediately probe the surface of film, so as to 
find the most suitable place for imaging. The sample was allowed to reach the thermal 
equilibrium at the first 30 minutes, and meanwhile the position where the tip of A F M 
landed was finely adjust by changing the value of both X and Y offsets. 
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3.7 Determination of Changes of Confined Polystyrene Chains 
The movement or motion of polystyrene was indirectly represented by the change of 
roughness of each film. Roughness of polystyrene film was directly determined from the 
A F M image. When images of each sample were captured, they were analyzed by using 
the build-in software attached with the A F M controlling software. The variations in 
monotone of each image actually reflect the variation of topology. Brighter the tone 
represented higher the landscape and otherwise. The build-in statistical software would 
make use of these data and input them into mathematical function for calculation, and 
finally gave the roughness by either value of R^^ or R^. 
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CHAPTER 4 
R . e s v i l t s 
& 
Discussions 
4.1 Basic Observations 
Table 4.1 shows the characterized data of four up to standard samples namely 2SET-
2, SET-3, PS-4 and SET-16, wherein the left hand side shows the data of polymer 
chain while the right hand side shows that of particle. From this table, it is seen that 
PS-4 and SET-16 meet the requirement of similar size (e.g. 122.4 nm vs 120 nm) but 
with different molar mass MWapp: 1.83 X 10^  g/mol vs 9.23 X 10^ g/mol). In addition, 
sample 2SET-2 and SET-3 meets the requirement of similar molar mass (e.g. 8.46 X 


























































































































































































































































































































































































The particles were fiirther confirmed by the SEM. Figure 4.1 shows the S E M image 
of 2SET-2 in which the magnification is of 200 KX. Figure 4.2 shows the S E M 
image of SET-3, which has the magnification of 20 KX. Figure 4.3 shows the S E M 
image of PS-4 in which the magnification is of 50 KX. The last set, Figure 4 shows 
the SEM image of SET-16 in which the magnification is of 50 KX. S E M is an 
instrument which is convenient, fast and with fewer artifacts, and additionally it 
shows directly the morphology of all samples except that of sample 2SET-2. For 
2SET-2, only cracks could be seen though the image itself already had a 
magnification of 200 KX. In a sense, this tells that the SEM has reached its limitation 
in determining, this is why it can only show dull images for 2SET-2. For other 
figures, all of them show a very resolved and clear image. A very clear particle-
particle boundary could be found. Figure 4.2 to Figure 4.4 show that all three 
samples bear a quite flat film surface which substantially signifies that all these 
samples had an acceptable particle distribution. In a macroscopic view, it is seen that 
SET-3 and PS-4 had a more evenly distributed particle size than that of SET-16. 
Figure 4.5 and Figure 4.8 are the A F M images and they act as another methodology 
in showing particle sizes，morphology and distribution. All these figures are shown 
in a scale of 5 X 5 |im. Here, 2SET-2 that could not be characterized by S E M 
previously now could be characterized by the AFM. It is found that 2SET-2 had the 
smallest particle size and the roughest surface. For other three samples, it is found 
that SET-3 and PS-4 are having a comparable flatness but better than that of SET-16. 
In accordance with the visual observations from S E M images, A F M images also 
show that sample SET-3 and PS-4 were having the best particle distributions, SET-
16 came to second while 2SET-2 was the worst. 
Figure 4.9 to Figure 4.12 show DSC scanning curves of 2SET-2, SET-3, PS-4 and 
SET-16 respectively. All figures only show the scanning temperature range of 70 °C 
to 140 °C. All four figures share a common curve pattern, in which the curve goes 
nearly steadily from 70 °C to 100 °C and then rise a bit more rapidly in the range of 
100 °C to 110 °C. Finally, the curve returns to a steady scanning way. The rapid rise 
of the scanning line is called a "step", and this is the position where the polymers 
change from glassy state to rubber state. The glass transition temperature (Tg) of 
samples are about 102 109 °C，100 °C and 107 °C respectively. Apparently, the 
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glkss transition temperature varies from 100 ！£,lflfls seems quite abnormal. 
According to Thomas et al \ Tg。6f high molar mass polystyrene is about 100 
However, such variations in temperature might be due to the presence of low molar 
mass imparities, such as unpolymerized monomer, residual solvent or degraded 
products formed from the polymer itself etc. The present study is in good agreement 
with this report. The reasons of this are all samples in this study were not purified, 
hence the occurrence of contaminants were natural. However, purification was 
ignored purposely because this would make the present study distinguishing from 
prior arts 
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Figure 4.1 S E M image of sample 2SET-2 with the magnification of 200.00 K X 
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Figure 4.2 S E M image of sample SET-3 with the magnification of 20.00 K X 
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Figure 4.3 S E M image of sample PS-4 with the magnification of 50.00 K X 
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Figure 4.4 S E M image of sample SET-16 with the magnification of 50.00 K X 
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Figure 4.5 A F M image of sample 2SET-2 captured at room temperature with 
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Figure 4.6 A F M image of sample SET-3 captured at room temperature with 
pttfirfliing area of 5.0 |im 
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Figure 4.7 A F M image of sample PS-4 captured at room temperature with 
pttfirOiing area of 5.0 ^ im 
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Figure 4.8 A F M image of sample SET-16 captured at room temperature with 
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Figure 4.9 First D S C scanning curve of sample 2SET-2 shown in the temperature 
ffihge of 70 to 140 
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Figure 4.10 First D S C scanning curve of sample SET-3 shown in the temperature 
ffihge of 70 to 140 
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Figure 4.11 First DSC scanning curve of sample PS-4 shown in the temperature 
ffiige of 70 to 140 
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Figure 4.12 First D S C scanning curve of sample SET-16 shown in the temperature 
fSige of 70 to 140 
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4.2 Findings from Preliminary Study 
Before undergoing the real study on a series of samples by using A F M , some 
preliminary studies were done. The reasons for doing this were to see if there were 
any artifacts of A F M might occur so as to avoid unreal images and to get the 
reproducible and reliable data. In this stage, two of samples were trialed, namely PS-
4 are SET-16. Both of these two samples were annealed at round their Tg temperature, 
wherein PS-4 was annealed at 98 °C while SET-16 was annealed at about 104 °C. All 
these samples were annealed about 3 °C less than their Tg. 
The A F M determination in this study comprised two parts, e.g. annealing and 
scanning determination. The annealing was done by using the build-in heater in the 
scanner head at a predetermined temperature. Basically, the heating time was not 
limited basically but determination would be terminated as long as the roughness 
value of sample surface turning to a minimum or at steady. 
On the other hand, there are two modes in doing the scanning (or say the A F M 
determination). For the first one (i.e. first mode), the A F M tip lands anywhere or a 
carefully picked location on the particle formed film. After certain image(s) has/ have 
been captured then the A F M tip is raised. After a predetermined time interval, the 
A F M tip lands again. The frequency of rise and landing very much depends on the 
number of images needed to give a satisfactory number of date point for future 
analysis. For the second one (i.e. second mode), once the desired location has been 
found, the A F M would keep landing on it and do the scanning simultaneously with 
the annealing. The images would be captured at a certain time interval. Again, the 
number of images captured depends on how many data points needed for the future 
analysis. 
A skilled person in the state of art would expect that the fist mode is a preferred 
mode and this is due to two reasons. The foremost one is the norm of academia 
studies. As mentioned previously, people in the state of art would try to prepare very 
evenly distributed particle samples (narrowly distributed) or even undergo 
purification processes in a model study by numerous techniques available in the field 
3-12. By doing this, contaminants or unwanted stuff in the sample solution can be 
eliminated, and particles can also be made more evenly distributed. This will greatly 
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help to simplify the A F M determination part because there is no morphological 
difference wherever the A F M tip lands. People could choose anywhere on the sample 
film surface and anywhere being chosen is supposed to give representing data. 
Nevertheless, only "perfect sample" is suitable for this determination mode and say 
this is why studies always remained in the laboratory scale of academia 
circumstances. The second reason is people expected that such mode of 
determination can make the interference of A F M tip causing to the sample to a 
minimum. 
Comparatively, the second mode of A F M determination is less welcomed, not only 
because there are very few samples meeting its requirements (very narrowly 
distribution) but also because such mode has unpleasant drawback itself. Since the 
A F M tip is kept scanning upon the samples, it is expected that the tip would cause 
interference to the particles even though the tip only exert very tiny force c.a. 1.5 x 
n 1 
10 ‘ N on to film surface . 
In our preliminary study, second mode determination was tested on two samples, 
namely PS-4 and SET-16 which have the M w of 1.83x10^ g/mol and 9.23xio"^  g/mol 
respectively. In the determination, PS-4 was annealed at 98 and SET-16 was 
annealed at 104 
Figure 4.13a is a 2-dimensional lateral A F M image (4.0 |im x 4.0 ^ im) which shows 
image that have been captured at the temperature of 98 for a continuous scanning 
of 120 minutes. In the image, oriented pattered was found and this pattern is 
perpendicular to the scanning direction. Figure 4.13b is an in situ image at a scanning 
size of 10 jim X 10 \im. In this figure, two regions with strong contrast were found. It 
was immediately seen that center of the image is a "window". Since such window 
have the size exactly the same as the scanning size of Figure 4.13a, and this is an in-
situ scanning, therefore it is confirmed that such "window" is reflecting the area of 
figure 4.13a. No particles are found in this window while the particles outside the 
window are intact and each of which is bearing a very clear boundary. Since the 
window area is where the A F M tip has touched, so it is believed that such "window" 
effect is caused by the A M F tip. In order to reconfirm this, another sample SET-16 
was determined. SET-16 particles were annealed at 104 Surprisingly, a similar 
phenomenon was observed. Oriented pattern was also observed in Figure 4.14a. In 
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Figure 4.14b, the in situ scanning image also repeats the so-called window affect. By 
this repeated A F M determination, it is believed that the existence of such appearance 
was no coincidence but with reasons. Leung and Goh ^^  reported similar orientation 
ordering of a glass polymer, polystyrene (PS) resulting from tip-surface interaction 
during A F M imaging using -10"^ N loads. The pattern they observed is perpendicular 
to the scanning direction. They also reported no changes in the dimensions and 
patterns of the structures for molar mass ranging from 32,000 to 573,000. In addition, 
Yang et al 15 reported the observation of large surface fluctuations (bumps) using 
non-contact scanning force microscopy on PS and poly(phenylene oxide) films that 
were stretched to elongation of 3〜6o/o at room temperature but they did not mention 
the influence of molar mass on the "bumps". A few years after Yang's works, Meyers 
et al 16 reported that there are two distinct patterns which develop fully on the PS 
surface after 45 minutes: an "abrasion" pattern which is best typified by the 24k 
(24,000 g/mol) and an oriented pattern which is formed most distinctly on the 215k 
(215,000 g/mol) surface. They also found that when the molar mass increases the 
patterning becomes more periodic and well defined. Therefore, the occurrence of 
oriented pattern in this study is not abnormal. 
However, the question need to be raised is why the particle formed film also shows 
the similar oriented pattern as that of the formerly mentioned prior works? According 
to Meyers et al, the oriented pattern is caused by the A F M tip-surface interaction 
(though the real mechanism of tip-surface interaction is not known). Meyers 
commented that, the most likely reason for the interaction is a mechanism involved 
pulling combined with stretching of the entanglements at the PS surface, and the tip-
surface interaction must take into account the elastic properties of the polymer 
surface. There are surface forces (i.e. 3 x 10"^  N) existing between the interface of tip 
and the sample surface In the absence of interfacial adhesion, the PS surface 
would have to be "rubber-like" in order to account for bond breaking necessary to 
rearrange the surface into oriented patterns. The energy losses are a convolution of 
adhesion and viscoelastic energy losses coupled with a complex strain path 
experienced by the polymer in the near surface region. Meyers et al also suggested 
that the observations of waves and oriented pattern on the rubber and glassy polymer 
surface implying that the physical properties of the surface may be much different 
than the bulk. The oriented patterns and their convolution in time allowed one to 
67 
speculate that the macromolecules at the surface which have extra degree of freedom 
of motion just need a little pulling to be separated from the bulk. Under contact, the 
molecules are being partially disentangled due to adhesion during sliding of the tip. 
When the shear forces of the contacted tip exceed the adhesive and viscoelastic 
forces, the stretched macromolecule partially recoiled into a new frozen glassy state 
(plastically deformed). However, it is not sure whether the patterning developed was 
due to molecular bond scission or chain disentanglement ！？. 
The above explanations merely tell how the oriented patterns are formed on the 
surface of polymer film formed from the polymer solution, whereas it is not 
sufficient to tell how the oriented pattern was formed on the particle-formed-film. W e 
proposed that since the particles are indeed confined in a limited space, they are 
unstable in the viewpoint of entropic energy, so they have the tendency to escape 
from the space. Besides, as the film was annealed at the Tg, polymer chains gain 
more energy than they were at ambient temperature and this enables them to escape 
from the bounding space. Recalling another proposition of Meyers et al, it was told 
that if the tip interaction results in a surface temperature rise to at least Tg, then the 
polymer strength would greatly diminish and perhaps much lower than the interfacial 
shear strength. This interaction near Tg would produce a surface which was resulted 
from the removal of large clumps of polymers. Even though they later clarified that 
the raise in temperature caused by the scanning tip was impossible according to the 
1 8 
model proposed by Lim and Ashby ，it is unambiguously clear that the interaction 
near Tg is one of the reason which do help to remove the large clumps (quite 
equivalent to the particle of the present study) of polymers. In this study, because the 
preliminary study was done at the temperature near Tg, so the clumps like particles 
are removed by the tip interaction. Hence, it is speculated that even though film was 
formed from the particles, this do not make it distinguishing too much from its 
counterpart. These are the reasons why the particle-formed-film has the same result 
as that of the bulk polymer film. 
Till now, what it can be told here are: first, tapping mode A F M apparently causes 
similar "disturbances" to polymer chains as that of the non-contact mode; second, no 
matter it is the bulk polymer film or the particle-formed film, both of them can be 
affected by A F M tip. A part from these, the conclusions that could be drawn at this 
stage are: tapping mode is also not suitable for scanning on polymer film more than 
68 
45 minutes at least according to Meyer et al and the continuous scanning mode 
seems should be abandoned. 
Nevertheless, by considering the needs of industrial samples, it seemed that 
continuous mode should not be abandoned. In order to solve this problem, a lot of 
trials on the parameters of the A F M were done. Whenever parameters of A F M were 
adjusted, the scanning would be undertaken immediately for a long enough time. 
Once a set of parameter setting was found of not causing any tip effect (window 
effects), that specific setting would then be regarded as a reference for other 
individual determinations. Eventually, it was found that during the early stage of 
parameter tuning, say the first 30 minutes, either difference or sum of the electron 
voltage showing on the panel of A F M stand varied greatly. The reason of this might 
be due to the changes between the A F M tip and the sample surface. Even though the 
A F M tip was heated to the temperature as that of the sample, there is still difference 
between the A F M tip and the sample surface. So it takes time for these two become 
equilibrium. When enough time has been given, those values tuned become as stable 
as they were in the ambient temperature. At such situation, it was observed that the 
A F M tip was not causing any observable tip effect to the samples. In addition, the 
significant tip drifting effect was also eliminated. In our study, the drifting was only 
about 10 nm to 20 nm. This means even if the tip is raised and landed again, almost 
the same scanning area can be located. Such findings are believed to greatly dedicate 
to both academia and industry, because one more scanning mode is proved to be 
reliable and can provide useful information. 
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Figure 4.13a A F M image of sample PS-4 annealed at the temperature 98 °C before 
fine tuning of scanning parameters, which with a scanning area of 4.0 /xm x 4.0 /xm 
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Figure 4.13b A F M image of sample PS-4 annealed at the temperature 98 °C before 
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Figure 4.14a A F M image of sample SET-16 annealed at the temperature 104 
before fine tuning of scanning parameters, which with a scanning area of 5.0 |im x 
5.0 |im 
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Figure 4.14b A F M image of sample SET-16 annealed at the temperature 104 °C 
before fine tuning of scanning parameters, which with a scanning area of 10.0 ^ im x 
10.0 ^im 
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4.3 Relaxation of Polymers in Neutral Polystyrene Particle 
Figure 4.15a-c show the images of sample 2SET-2 annealed at the temperature of 
about 97 °C，102 °C and 107 °C respectively at different time interval; Figure 4.16a-c 
show the images of sample SET-3 annealed at the temperature of about 104 °C，109 
°C and 114 "C respectively at different time interval. In addition, Figure 4.17 and 
Figure 4.18 show the images of sample PS-4 and SET-16 annealed at the temperature 
about their Tg, which is about 100 °C and 107°C respectively. 
In viewing of first series, it includes sample 2SET-2 and SET-3 which are essentially 
of similar M w but with different particle size. When 2SET-2 particles were annealed 
under the Tg, it was observed that this sample has its particle boundary becoming 
quite unrecognizable after 2 hours. When particles were annealed at Tg or above, the 
particles lose their boundary definition quicker at the higher temperature. In other 
words, higher the temperature is, quicker are the chains in the particle going to relax. 
For SET-3, it has bigger particle size than that of its counterpart. It was seen that 
higher is the temperature, quicker the samples gain their duly boundaries whereas a 
very few clear boundaries could still be seen. This is to say, such sample held a better 
particle boundary at either the temperature below Tg, about Tg or above Tg. 
Together with the direct observation upon A F M images and the above said analysis, 
it could be concluded that chains in larger particles, such as 3SET-3，they relax 
slower than that of the smaller particles 2SET-2. 
In addition, Figure 4.19 and Figure 4.20 are the statistical plot of roughness against 
time of sample SET-3 and 2SET-2. These two figures show another point of view in 
how roughness changes against time. From these two figures, it is observed that both 
of these samples obey a similar rule: roughness keeps constantly when particles are 
being annealed under their Tg, while it decreases more quickly when higher 
temperature is provided. 
It is obvious that all curves in Figure 4.21 and Figure 4.24 do not have a common 
comparison basis in itself, so it is inaccurate to compare just by visual observation. 
Hence, the more reliable way to give a convincing result is by normalization or other 
mathematical means. The term "relaxation" denotes the return of a system to 
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equilibrium When the polymers in the confined space undergo relaxation, it is 
assumed that this system obeys the first order reaction, e.g. it obeys the following 
rate law: 
V = K [R] 
wherein v denotes the rate, K denotes the rate constant and R denotes the roughness. 
The plotting log [Rt/Ro] against Log [time] gives straight lines and the slope of the 
line essentially signifies the relaxation rate of polymer chains. 
Figure 4.21 shows the roughness against time plot of a series which is of similar M w 
but with different particle size for sample 2SET-2, SET-3 and SET-16. In more detail, 
all samples are sharing the similar molar mass of around 6.0x10^ g/mol while each 
has the particle size of about 40 nm, 120 nm and 240 nm in diameter respectively. It 
is seen that the curves of 2SET-2 and SET-16 are staying more close together and are 
having more similar curve slope. Comparatively, the curve of SET-3 is having the 
steepest slope. In order to have a good comparison, a normalized graph of Log [Rt/Ro] 
against Log [time] was plotted (please refer to Figure 4.22). This figure gives more 
idea about the difference in the change of slopes for these three samples. From this 
figure, the slope of 2SET-2, SET-3 and SET-16 is -0.237，-0.275 and -0.309 
respectively. 
Figure 4.23 is a plot of roughness against diameter of PS-4 and SET-16, in which 
each has the M w of 1.41x10^ g/mol and 4.56x1 O^ g/mol respectively (characterized 
by LLS) while the particle size of them is about 260 nm. It is seen from Figure 4.23 
that both samples are almost having the same relaxation pattern, so in order to see if 
they really have the same relaxation rate, Figure 4.24 was plotted. Figure 4.24 is a 
normalized plot, in which Log [Rt/Ro] is plotted against Log [time]. The slopes of 
these two samples are -0.309 and -0.153 -respectively. 
For the first series, Figure 4.22 showed that even though sample 2SET-2, SET-3 and 
SET-16 each have different particles sizes, all of them have similar values in their 
slopes. This is unexpectedly contrary to the anticipation of the author and also to the 
reports of Goudy et al It was speculated that smaller particles essentially provide a 
smaller confining space which will exert higher conformational distortion to polymer 
chains. The stressed and distorted polymer chains are unfavorable in view of entropic 
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energy, so they tend to overcome the stressed force. Hence, more stressed are the 
polymer chains, more likely and faster they would undergo relaxation to overcome 
the confining space. In addition, the work of Goudy et al showed that 0.240 jLtm PS 
particle at 105 °C annealing temperature has a faster decrease in peak-to-trough 
height than that of 0.375 jLtm PS particle. Accordingly, this was why the author of this 
study believed that polymer chains in samples of 2SET-2 would relax faster than 
SET-3 and further than that in SET-16. In order to understand this unusual 
phenomenon, further calculation was made and the results were tabulated in Table 
4.2. It is seen that the polymer chain-density and/or mass density of these three 
samples are in the trend of 2SET-2 > SET-3 > SET-16 and this trend is just opposite 
to the slope trend as shown in Figure 4.22. The trend of this figure is: higher the 
density (either mass or chain density), slower are the polymer chains going to relax. 
The real reason for this is not very clear, but it is speculated that when polymer 
chains with similar molar mass are confined in different spaces, the density effect is 
dominating over other relaxation promoting factors like capillary force, surface 
polymer chain density, conformational distortion and etc, and it retards the relaxation 
rate of polymer chains. This is because higher density means polymer chains in 
similar length are closer to each other and have higher degree of entanglement. 
During relaxation process, polymer chains in smaller confinement space need more 
time to resolve the entanglements between themselves so they relax slower then 
those in larger particles, i.e. larger confinement space. 
For the second series, Figure 4.24 shows that higher the molar mass (longer polymer 
chain) is, slower the polymer chains are going to relax. As the confining space is 
similar, so length of polymer chains becomes an effecting factor. For this series, the 
densities are no longer the dominating parameter because as can be seen from Table 
4.2 that though PS-4 has lower mass density or chain density (i.e. number of chains 
per particle) than SET-16，its roughness decrease slower than SET-16 (see Figure 
4.24). It is believed that due to the longer polymer chains of PS-4, they form more 
entanglements between each other though confining spaces are similar. The 
entanglements form a burden to the relaxation of polymer chains, and hence particles 
with polymer chains of higher molar mass take longer time to reflect changes in the 
roughness. This is why polymers in PS-4 relax slower than that in SET-16. 
76 
Particle Rg Chain M w Mass Density 
Chain Density 
Sample (nm) (g/mol) (g/cm^) 
2SET-2 m 8.46 X lO* 2A3 1.52 x ICT 
S E T - 3 572 9.09 x 10' 5.27 x l O " 
^ 1.83 X 10’ 0 4 7 1.56 X l O " 
SET-16 120 9.23 x 10' 0 5 7 3.74 x l o ' ' 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.4 Is there really no change when particles annealed below Tg? 
Goudy et al reported that there are essentially no changes happening to the 
particles when they are annealed below Tg. Specifically, Goudy et al reported that 
latex particles with the size of 1.05 [xm, 0.375 /im and 0.240 fxm all show no changes 
in the peak-to-peak distance when they are annealed at the temperature of 95 °C, 100 
°C and 105°C respectively. Such observation implied there is no particle fusion (i.e. 
no lateral motion). In addition, when particles are annealed at the temperature of 95 
°C，there is also no change in the peak-to-trough distance (i.e. no motion in 
z-direction). 
In this study, the statistical plot showed that when all particles were annealed below 
their Tg temperature, the roughness was also about constant along annealing duration 
as reported by Goudy et al. However, it was found that despite the roughness values 
are constant it does not mean that there is no change happening the particle films. In 
Figure 4.15a, six images of 2SET-2 are listed showing snapshot of surface 
morphology at the time of 0 hr, 2 hr, 4 hr, 6 hr, 8r and 10 hr. When 2SET-2 was 
annealed below its Tg, the statistical plot reveals that roughness keeps constant in all 
duration. However, only such trend agreed with what was reported by Goudy et al, 
but not morphological changes. In Figure 4.15a, the particles become bigger in the 2 
hr snapshot and they are getting bigger and bigger in the later time snapshots. Even 
though the peak-to-trough measurement was not done, the visual observation simply 
tells us that particle fusion is happening during the annealing. The reason for the 
suspected particle fusion was possibly due to the low molar mass of 2SET-2, say 
8.46x104 g/mol from GPC measurement. According to Goudy et al, the molar mass 
had to be large enough (e.g 10^ g/mol) to overcome the interdiffusion between 
particles hence avoid the particle-fusion. 
A question appeared: is it really necessary to have that large molar mass to overcome 
the particle fusion? Figure 4.16a listed six images of SET-16 at the capturing time of 
0 hr, 0.5 hr, 2 hr, 8hr, 9 hr and 10 hr respectively. From these images, it could be seen 
that the particle boundary actually remains unchanged for a length of 10 hours. 
Nonetheless, the images become duller as time duration increases. 
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The images in Figure 4.16a substantially show two facts. First, lower molar mass 
basically can avoid particle fusion. SET-16 in Figure 4.16a has the molar mass of 
9.23xlo4 g/mol (from GPC measurement). This is about one order in magnitude less 
than the value reported by Goudy et al. Second, there were changes happening 
despite particle films were annealed below the Tg. The dull images were not artifact 
of A F M tip but actually reflecting some minor variations happening on the surface of 
particles, but these variations were just under the resolving power of A F M machine. 
What things were really happening could not say, it could be vibration or minor 
translation, but it could not be explained here because more sophisticated design and 
detailed study are needed. 
4.5 Relaxation of Polymers in CPS Particle 
Figure 4.27 shows the scanning curve of the sample NaCPS 6.08. From this figure, it 
is seen that Tg of this sample is about 110°C. Figure 4.28 shows three 3-dimensional 
images of this sample which have been captured at 6 minutes, 12 minutes and 60 
minutes respectively. It is found from these images that particles maintain a quite 
good particle definition at the early annealing stage. As time went by, the changes 
happened to these particles were similar to that of the neutral particles. It was seen 
from the images took at the time of 12 minutes that particles' definition was not as 
clear as before. In addition, the number of particles in this 1 fim x 1 fim images was 
decreased. This observation seemed reasonable since particles in this image are 
essentially bigger than that of the previous image. The third image was taken at the 
time of 60 minutes, and therein fewer particles could be observed. This essentially 
reflected a further decrease in the particle density. 
In order to show the variations in particle films, roughness to those images were 
calculated. These values were plotted against time (please refer to Figure 4.29). It 
was observed that the roughness of film started from about 15 and it start to decrease 
until the film was annealed for about 25 minutes. Afterwards, there was nearly no 
changes and a plateau was observed. 
It is seen from Figure 4.29 that the roughness of particle film decreases to a 
minimum for only 25 minutes. Such duration was much shorter than all of samples 
94 
used in the neutral polymer study. For example, 2SET-2, SET-3, SET-16 and PS-4, 
all of them take a much longer time to reach the plateau. In other words, CPS 
particles relaxed themselves much faster than those neutral particles. 
Such result conformed to the report of Kim and his coworkers Kim et al had used 
Small Angle Neutron Scattering (SANS) method to measure the diffusion coefficient 
of both anionically polymerized and free-radical polymerized emulsion polystyrene. 
They found that the diffusion coefficients of latex film from conventional emulsion 
system are an order of magnitude slower than those observed in the particles of the 
anionic mini-emulsification system. They said that such phenomenon is attributed to 
the sulfate groups. Kim and Winnik 24 used Direct Nonradiative Energy Transfer 
Technique (DET) to investigate interdiffusion in poly(butyl methacrylate) latex films 
made by conventional emulsion polymerization and then compared neutralized and 
protonated sulfate end groups. Their results indicated that the protonated sulfate end 
groups induce faster interdiffusion than those in the salt form. Similarly, Welp et al ^ ^ 
also used D E T to study the interdiffusion coefficients of polystyrene. They showed 
that polystyrene of molar mass, 1 x 10^ g/mole with H ends has a slower diffusion 
coefficient than polystyrene with one sulfate end group. However, Kim and 
co-workers revealed that H-ended polystyrene has higher diffusion coefficients 
than one-sulfonate-ended and two-sulfonated-ended polystyrene. The source of such 
discrepancy can be attributed to the difference in the nature of end-groups (sulfate vs 
sulfonate), the molar mass or its polydispersity and/or the aggregate structure 
CPS particles, in this study, are composed of polymer chains with carboxyl groups 
both on the chains and at then end. It is well-known that sulfate groups of polymer 
chains are likely to be on the latex particle surface due to their ionic nature 22. 
Carboxyl groups have similar ionic nature to sulfate groups but only differ in ionic 
strength, so it is reasonable to believe that carboxyl groups of polymers in this study 
were also located on the surface of particles. These end groups had two factors 
controlling the diffusion process at the polymer latex interface, namely their surface 
segregation and their aggregation 24. Kim et al reported that end groups' segregation 
will enhance the diffusion while the end group aggregation will cause the opposite 
effect. As the carboxyl groups of polymers in this study were located on the surface 
of particles, hence their surface segregation dominates over the aggregation. In other 
95 
words, the relaxation process is enhanced rather than reduced. 
CPS particles had dominating surface segregation of Na+ neutralized carboxyl end 
groups in advantage over those neutral polystyrene sample, e.g 2SET-2, SET3, 
SET-16 and PS-4, this is therefore why they have much fast in the diffusion process, 































































































































































































































































































































































































This research studied three factors that were speculated to affect the relaxation of 
polymer chains in confined space, including confining space, length of polymer 
chains and ionic groups on polymer chains. Tapping Mode Atomic Force Microscopy 
(T-AFM) and a series of specially prepared polystyrene particle samples were 
combined to do this study. 
In this study, the simple one-step emulsion free polymerization was used to confine 
the neutral polystyrene chains, and the novel phase inversion method was used to 
confine ionic polystyrene (i.e. carboxylated polystyrene) chains. It was found that 
polymer chains in smaller particles undergo relaxation slower than those in larger 
particles. In these particles, density dominates over other factors, for example 
structural deformation, inter-diffusion process and capillary force, which makes 
polymer chains closer to each other and forms more entanglements between each 
other. So polymer chains in smaller confined space take longer time to resolve 
entanglements during relaxation process. It was also found that polymer chains with 
higher molar mass tend to relax slower. This is because longer polymer chains form 
more entanglements between each other in the confining space, so longer polymers 
chains have to take longer time in overcoming more entanglements during relaxation. 
Generally speaking, the degree of entanglement is the main factor that affects the 
relaxation of polymer chains in different particle size. 
In addition, when particles of neutral polystyrene were annealed under their Tg 
temperature, there were actually some variations happening to the morphology 
though the roughness value tended to be constant. One of the observed variations 
was the particle fusion but for others the exact changes were not very clear. 
Regarding the carboxylated polystyrene, they actually relaxed much faster than the 
neutral polystyrene. This is because segregation of Na+ neutralized carboxyl groups 
on polymer chains dominate over their aggregation effect. Inter-diffusion of polymer 
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chains between particles helps polymer chains to overcome the entanglements 
between each other. 
4.7 Future Work 
For neutral polymers, further works will focus on trying to derive a mathematical 
relationship between the particle size and the length of polymer chain with the 
relaxation rate. In order to do so, more data points have to be obtained for plotting a 
more representative graph and hence deduce the mathematical function from the 
graph obtained. 
For ionic polymers, since only one data point was obtained for CPS and used to 
compare with those of NCPS. In this case, further works will be focused on doing a 
more systematic study in the relationship between the particle size, the length of 
polymer chain, the amount of ionic groups with the relaxation rate. Incidentally, a 
mathematical relationship is looking forward to be derived. 
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